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Abstract Soft materials are an important class of
materials. They play critical roles both in nature, in
the form of soft tissues, and in industrial applications.
Quantifying their mechanical properties is an impor-
tant part of understanding and predicting their behavior,
and thus optimizing their use. However, there are often
no agreed upon standards for how to do so. This also
holds true for quantifying their fracture toughness; that
is, their resistance to crack propagation. The goal of our
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work is to fill this knowledge gap using blood clot as
a model material. In total, we compared three general
approaches, some with multiple different implemen-
tations. The first approach is based on Griffith’s def-
inition of the critical energy release rate. The second
approachmakes use of the J-Integral. The last approach
uses cohesive zones.We applied these approaches to 12
pure shear experiments with notched samples (some
approaches were supplemented with unnotched sam-
ples). Finally, we compared these approaches by their
intra- and inter-approach variability, the complexity
of their implementation, and their computational cost.
Overall, we found that the simplestmethodwas also the
most consistent and the least costly one: the Griffith-
based approach, as proposed by Rivlin and Thomas in
1953.

Keywords Pure shear · Mode I · Griffith · Cohesive
zones · J-integral · Critical energy release rate

Mathematics Subject Classification 0000 · 1111

1 Introduction

Soft materials are ubiquitous in nature and widely pop-
ular in many engineering disciplines. In nature, soft
materials are found as soft tissues such as skin,muscles,
brain, and internal organs (Fung 1993). In engineering,
they are used in biomedical applications such as tissue
engineering (Slaughter et al. 2009; Lee and Mooney
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2001), drug delivery (Peppas et al. 2006), implantable
devices (Yoda 1998; Robinson et al. 2024), and wear-
able electronics (Kim et al. 2011; Nassar et al. 2016),
as well as industrial applications such as ionic con-
ductors (Yang et al. 2015), soft robotics (Xu et al.
2022), and food products (McClements et al. 2009).
As their name suggests, they are significantly softer
than traditional engineering materials with stiffnesses
ranging on the order of Pa - MPa (Chen et al. 2017;
Varner et al. 2023), rather than MPa - GPa as seen in
metals and ceramics (Piggott 1975). Albeit they pro-
vide a myriad possibilities and are suitable for many
applications, soft materials also pose significant down-
sides. For example, their often complex composition
and inhomogenous microstructure give rise to a wide
range of mechanically challenging phenomena that are
difficult to measure, model, and predict. Such phe-
nomena include viscoelasto-plasticity(Slaughter et al.
2009; Crespo-Cuevas et al. 2023), anisotropy (Perez-
Puyana et al. 2020), heterogeneity (Stano and Per-
coco 2021), Mullins-type damage (Mullins 1969),
active contraction and swelling (Zhou et al. 2015; Shur
et al. 2023; Dortdivanlioglu and Linder 2019), surface
effects (Style et al. 2017; Ang et al. 2020; Dortdivan-
lioglu and Javili 2021; Rastogi and Dortdivanlioglu
2022), and complex instabilities (Wang andZhao 2015;
Dortdivanlioglu and Javili 2022).

Subject to this manuscript is another complex aspect
of soft material mechanics, their fracture behavior.
That is, soft materials may fail at very – sometimes
extremely – large deformations (Sun et al. 2012; Zhu
et al. 2024), rendering them unsuitable for analy-
ses using classic linear fracture mechanics (Knowles
and Sternberg 1973). Understanding and predicting
the fracture behavior of soft materials is therefore a
formidable problem. Often, a first goal in studying soft
material fracture is to determine a material’s fracture
toughness, that is, their resistance to crack propagation.
For example, in our work on blood clots – a prototypi-
cal soft (biological) material – we have been interested
in measuring fracture toughness as a determinant of a
clot’s resistance to breaking off from its original site
of formation (Sugerman et al. 2023; Gültekin et al.
2024; Sugerman et al. 2024). As such, it is a critical
determinant of many devastating diseases, including
strokes, heart attacks, and pulmonary embolisms (Wen-
delboe andRaskob2016).Having the ability to quantify
fracture toughness and predict the fracture behavior of

blood clots is therefore of significant clinical impor-
tance.

As we first set out to measure the fracture tough-
ness of blood clot, we found that there are no agreed
upon best practices. Instead, we found a number of
approaches that differed fundamentally in their com-
plexity and (computational) cost. To the best of our
knowledge, there are no prior comprehensive compar-
isons of these approaches, especially not for soft bio-
logical materials, such as blood clot. The main goal
of our work is to test and directly compare established
approaches to quantify the fracture toughness of soft
materials. Please note that blood clot – as somany other
soft materials – is a complex material due to its com-
position. Blood clot is comprised 50% of a fluid phase,
as well as passive fillers (red blood cells), active fillers
(platelets), and a semi-flexible biopolymer backbone
(Qiu et al. 2019). This complexity gives rise to sev-
eral confounding (dissipative) phenomena that compli-
cate the determination of fracture toughness, including
damage (Sugerman et al. 2020), viscoelasticity, and
poroelasticity (Ghezelbash et al. 2022). For the pur-
pose of this work, we, like others before us, ignore
these complexities as a first approximation of clots frac-
ture behavior (Fereidoonnezhad et al. 2021a, b; Luraghi
et al. 2021a, b; Mousavi et al. 2021).

In detail, we identified three general approaches
to measuring fracture toughness, some with alterna-
tive implementations. These approaches are as fol-
lows: The Griffith approaches based on Griffith’s frac-
ture criterion (Griffith 1921), the J-Integral approach
based on work by Rice (Rice 1968), and the cohe-
sive zone approach based on the work by Dugdale
and Barenblatt (Dugdale 1960; Barenblatt 1962). Here,
we would like to note that previous work has estab-
lished that Griffith’s approach and the J-integral are
equivalent, even in hydrated, soft materials (Bouklas
et al. 2015). In each approach, we use experimental
data from traditional notched and unnotched pure shear
experiments, but note that other geometries can and
have been used (Fereidoonnezhad et al. 2021a; Liu
et al. 2021; Tutwiler et al. 2020; Gültekin et al. 2024;
Ramanujam et al. 2024). We note that, when loaded
under tension, blood clots may expel some fluid, ren-
dering them not fully incompressible (Garyfallogian-
nis et al. 2023). Thus, our experiments may violate the
assumptions of pure shear experiments. Our use of the
term “pure shear” should therefore be viewed under
this limitation; we expand on this in our Discussion.
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Moreover, we note that we limit ourselves to deter-
mining fracture toughness under Mode I loading as is
customary in soft materials undergoing large deforma-
tion (Zhu et al. 2024). After introducing each approach,
we will compare and judge these approaches accord-
ing to their intra- and inter-approach variability, the
difficulty of their implementation, and their compu-
tational cost. Emerging techniques, such as mapping
crack tips (Qi et al. 2019) and capturing crack front
geometry (Wei et al. 2024), which play important roles
in fracture toughness, require advanced and sometimes
scarcely available instrumentation, and are therefore
beyond the scope of this work.

2 Methods

2.1 Pure shear and mode I fracture experiments

In our work, we first created blood clots in pure shear
geometry (40 x 10 x 3 mm) from human blood. Specif-
ically, we collected blood from one human subject via
venipuncture following a protocol approved by our
local Institutional Review Board. Then, we prepared
samples according to previously published protocols
(Sugerman et al. 2021). That is, we initiated coagula-
tion by adding calcium chloride to the blood at a con-
centration of 20 mM to reverse the acid citrate dextrose
(ACD) anticoagulant. Next, we added the blood to a
3D-printedmoldwhere it fully coagulated for 60min at
37oC. Note, the molds were lined with Velcro to create
a secure attachment between the blood clot and testing
fixture. Before mounting the samples to our uniaxial
tensile tester (Instron 5943, 10 N load cell), we speck-
led the samples with a mix of black and white sand for
use with digital image correlation (DIC). For details on
speckle size, mean image gradient, and other measures
of speckle quality, please see our recent publication
on the subject (Sugerman et al. 2023). All experiments
were approved by our local Institutional ReviewBoard.

In total, we produced 15 samples. Three samples
were tested “as are,” while 12 samples received lateral
notches with unique lengths ranging from 3.5−17mm.
These notches were introduced using a razor blade.
Upon mounting the samples, the crack tip rounded.
We extended all pure shear samples at a rate of 0.1
mm/s which, at a sample height of 10 mm, translates
to a strain rate of approximately 1 %/s. During test-
ing, we measured time, displacement, and force. We

also took images of the samples using a digital cam-
era. During post-processing, we used the open source
software NCORR (www.ncorr.com) to convert speckle
images into strain maps via DIC (Blaber et al. 2015).
Note, we optimized the DIC algorithmic parameters
via sensitivity studies before our final analysis. Fig-
ure1 shows a summary of the data from the unnotched
and notched pure shear experiments, while Fig. 2 shows
example images of a notched sample as well as results
fromDIC. Please see Supplementary Table S1 for a list
of all samples and their notch lengths as well as their
critical displacements and Supplementary Table S2 for
a list of all NCORR parameters used during the digital
image correlation analysis.

2.2 Hyperelastic model

In approachesGriffith B, J-Integral, and cohesive zone,
we required capturing the elastic behavior of our sam-
ples in a constitutive model. To this end, we assumed
that blood clot acts as a hyperelastic, incompressible,
one-termOgdenmaterial (Ogden 1972; Sugerman et al.
2021; Lohr et al. 2022). The strain energy density per
reference volume of the Ogden model reads

W = 2μ

α2 (λα
1 + λα

2 + λα
3 − 3) +U (J ). (1)

Here, μ is the shear modulus, α dictates the strain-
stiffening behavior,whichwe informed through inverse
finite element analyses using Abaqus/Implicit (6.20-
1, Dassault Systémes, Vélizy-Villacoublay, France).
Abaqus’s implementation of theOgdenmodel,which is
formulated in its compressible form, adds the volumet-
ric energy term,U (J ) = 1

D (J−1)2. Here, J = λ1λ2λ3
is the determinant of the deformation gradient. In our
work, we approximate blood clot as an incompressible
material. To this end, we effectively treated the bulk
modulus, κ = 2

D , as a penalty by selecting it to be
three orders of magnitude larger than the shear mod-
ulus, μ (Li et al. 2015). In contrast, in our analytical
approaches, we used the Lagrange multiplier method,
in which we defineU (J ) = p(J −1), and analytically
solve for p to perfectly enforce incompressibility.

For our inverse finite element analysis, we first mod-
eled each sample’s geometry (including its specific
notch length) exactly using 15000-22000 linear plane
stress quadrilateral elements (Abaqus elementCPS4R).
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Fig. 1 Summary of mechanical test data.A Force-displacement
data from three unnotched pure shear experiments showingmean
± 1 standard deviation. B Force-displacement data from 12
notched pure shear experiments, again showing mean ± 1 stan-

dard deviation. We grouped/binned the 12 samples according to
their notch size with Group 1-5 having average notch sizes of
3.7, 7.3, 9.7, 11.9, and 16.5 mm, respectively. See Supplemen-
tary Table S1 for a list of all sample geometries

Please note that for all models, we used a crack tip
radius of 0.25 mm. We performed a careful sensitiv-
ity study to assess the impact of crack tip radius on
reaction force and fracture toughness. We found that
both measures were insensitive to the radius within
the tested range.We then iteratively conducted forward
simulations to identify the Ogden parameters using a
least-squares approach that minimized the difference
between the experimentally measured and computa-
tionally predicted reaction forces. We limited the sam-
ple displacement to δ = 0.9δc to constrain our anal-
ysis to the pre-fracture regime, where δc is the criti-
cal displacement at which crack initiation begins. We
determined the critical displacement as the displace-
ment corresponding to the onset of crack growth based
on images of the crack tip taken during testing. Please
note that we used a multi-start approach with random
initial guesses to minimize the risk of identifying local
minima. We repeated this process for each of our 12
notched samples and thus obtained 12 separate sets of
material parameters. See Fig. 3 A for an example sim-
ulation result and Supplementary Table S3 for a list the
material parameters of each sample.

2.3 Approach 1: the “Griffith” approach

Our first approach to estimating fracture toughness
arises from Griffith’s equation for the critical energy
release rate Gc (Griffith 1921)

Gc = −∂W (λc)

∂A
, (2)

whereW is the internal strain energy, λc = 1+δc/H is
the critical stretch calculated using the sample’s critical
displacement, δc and the sample’s original height, H ,
and A is the added surface area due to crack growth in
the reference configuration. We term this the “Griffith”
approach.

2.3.1 Griffith A: hybrid aproach

Our first implementation of this approach comes from
Rivlin and Thomas’s seminal work on rubber rupture
(Rivlin and Thomas 1953). Under the assumptions of
a perfectly elastic material in pure shear deformation,
Rivlin and Thomas derived a simple formula based on
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Eq. 2, which reads as

Gc = W (δc)

V
H0. (3)

Here again, W (δc) is the strain energy put into the
unnotched sample up to the critical displacement, V is
the sample volume, and H is the sample’s initial height.
Equation3 assumes that the sample is long and that
there is steady-state crack growth. Rivlin and Thomas
derived this equation from the energy stored in the
region of the material that is in a state of pure shear
(Rivlin and Thomas 1953). To compute W (δc), we
identified the critical displacement from the recorded
images of each notched sample and then integrated
and averaged the force and displacement data of each
unnotched sample up to δc, see Fig. 4Ai-ii. Thereby,
we obtained a separate Gc for each of our 12 notched
samples.

2.3.2 Griffith B: numerical approach

In the second implementation of the Griffith approach,
we again used Eq.3 but instead determinedW (δ) from
the notched pure shear experiment using a numeri-
cal approach. That is, we simulated (Abaqus/Implicit,
6400 CPS4R) a pure shear experiment using the mate-
rial parameters identified through our inverse finite
element approach as described in Sect. 2.2. We then
computed W (δc) again by integrating the (synthetic)
data on the predicted force and displacement up to δc,
see Fig. 4Ai-ii. Note, this approach did not require the
unnotched pure shear sample data.

2.3.3 Griffith C: experimental approach

In the third implementation of the Griffith approach,
we directly used Eq.2 and approximated the partial
derivative ∂W (δc)/∂A from experimental data only
(Roucou et al. 2015). That is, we calculated the frac-
ture toughness as the change inW with increasing notch
lengths using afinite difference scheme,wherewecom-
puted W as the integral under the force-displacement
curve between samples of differing notch lengths, see
Fig. 4Aiii. To this end, we organized the 12 notched
samples into five ordered groups with average notch
lengths of 3.70, 7.33, 9.70, 11.90, and 16.51 mm,
respectively, see Fig. 1 again for reference. Specifically,
we used forward and backward differences to calculate

�W and �A between adjacent groups. For the exte-
rior groups we used either a forward or backward dif-
ference, and for the interior groups, we averaged the
Gc value calculated using both differences. Note, this
approach did not require the unnotched pure shear sam-
ple data and did not make use of simulation tools.

2.4 Approach 2: the “J-Integral” approach

The second approach to estimating fracture toughness
arises from the definition of the J-integral. This counter-
clockwise contour integral around the notch is defined
as follows using the traditional Einstein summation
convention,

J =
∫

�

[WN1 − PαβNβ

∂δα

∂x1
]d�. (4)

Here, N1 is the normal vector to the contour, �, Pαβ

are the in-plane components of the first Piola-Kirchhoff
stress tensor, δα are the in-plane displacement vectors,
and x1 is the direction parallel to the notch.Note that the
J-integral is evaluated in the reference configuration.
As such, the aforementioned tensors and vectors are
reference quantities. The J-integral was first derived
by Rice (Rice 1968). It has since been shown to be
equivalent to Gc in nonlinear elastic materials (Long
and Hui 2015).

2.4.1 J-Integral A

For our first implementation of this approach, we used
DIC-derived full-field deformations to compute the J-
integral. To this end, we used NCORR to compute the
in-plane principle stretches and the displacement gra-
dients, ∂δα/∂X1, at each sample material point. Next,
we computed the first Piola-Kirchhoff stress as per

Pa = ∂W

∂λa
− p

λa
, (5)

where λa are the DIC-derived principle stretches,
W is the strain energy, and p is the Lagrange mul-
tiplier that enforces incompressibility. Here we again
assumed that our material behaved like an incompress-
ible, one-term Ogden material and estimated W using
the material parameters as identified in Sect. 2.2. Addi-
tionally, we analytically solved for p under the assump-
tion of plane stress conditions. Finally, we computed
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Fig. 2 Example imaging and digital image correlation data. A Images of a speckled and notched blood clot sample in the reference
configuration and two levels of stretch. B Digital image correlation-based stress maps at the sample levels of stretch as in A

Fig. 3 Example results of finite element simulations.AAhyper-
elastic simulation of a notched sample discretized with 17823
Abaqus CPS4R elements. B A cohesive zone simulation of a

notched sample discretized with 15975 Abaqus CPS4 elements,
and 600 COH2D4 (cohesive) elements
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A

B C

Fig. 4 Methodological overview of the Griffith, J-Integral, and
cohesive zone approaches.A)Griffith A andGriffith B use Rivlin
and Thomas’ work in Eq.3 to estimate the fracture toughness
(i-ii), whileGriffith C estimates fracture toughness directly from
Eq.2 (iii). Please note that W (δc) in (ii) is equivalent to W (λc)

in Eq.2. B) J-Integral A computes the J-integral of Eq.4 with the
help of digital image correlation data (i), while J-Integral B uses
simulation results and Abaqus’ built-in J-Integral evaluator (ii).
C) cohesive zone uses cohesive zone elements (i) with a bilinear
traction-separation law (ii) to estimate fracture toughness

123



M. J. Lohr et al.

the J-Integral according to Eq.4 using the DIC-derived
kinematic data and the estimated stresses. For the actual
integration, we drew rectangular contours that began
and ended on the notch, far from the notch tip and
sample boundaries, see Fig. 4Bi. We repeated this pro-
cedure for each of the 12 notched samples. Note, this
approach did not require the unnotched pure shear sam-
ple data.

2.4.2 J-Integral B

For our second implementation of this approach, we
used Abaqus’ built-in J-integral function to evaluate
Eq.4. To this end, we simulated the pure shear exper-
iments of each notched sample using a mesh with a
highly refined region around the notch tip (∼ 12000
CPS4R elements). See Fig. 3A for an example simula-
tion. We then used Abaqus’ built in J-Integral evalu-
ator to compute the J-Integral at each samples δc, see
Fig. 4Bii. We repeated this procedure for each of the 12
notched samples. Note, this approach did not require
the unnotched pure shear sample data or DIC data.

2.5 Approach 3: the “cohesive zone” approach

The third and final approach to estimating fracture
toughness arises from the work on cohesive zones that
may be attributed to work by Dugdale and Barenblatt
(Dugdale 1960; Barenblatt 1962). In this approach, we
first implemented a finite element model of the notched
pure shear experiments similar to what we did in the
Griffith and J-Integral approaches; however, here, we
defined a cohesive interface between the bottom and
top halves of the pure shear geometry using cohesive
elements (Abaqus elements COH2D4), see Fig. 3B for
an example simulation and Fig. 4Ci for the location of
the cohesive zone elements. For the bulk of thematerial,
we used 15000-17500 CPS4 elements, while we used
approximately 600 COH2D4 elements for the cohe-
sive zone. We chose a height of 3 μm for our cohesive
elements after a careful sensitivity study that showed
no changes in the crack-tip stress field for smaller ele-
ments. The material was again modeled via the incom-
pressible, one-term Ogden model with each set of sam-
ple parameters identified in Sect. 2.2.

The cohesive elements were prescribed a bilinear
traction-separation law. This traction-separation law is

defined such that the cohesive elements have a con-
stant stiffness, E , until the element reaches its peak
traction, ton . Beyond this point, the element undergoes
damage until it reaches some critical separation, δ∗.
The damage, d, which reduces the effective stiffness of
the cohesive element is defined as

d = δx (δmax − δo)

δmax (δx − δo)
. (6)

Here, δmax is themaximum separation achieved dur-
ing the loading, δo is the separation at the initiation
of damage, and δx is the separation at which a cohe-
sive element fails. Note that δ∗ = δx − δo. We com-
putedGc for each sample as the area under the traction-
separation law curve, see Fig. 4Cii (Good et al. 2020;
Patki et al. 2023; Fereidoonnezhad et al. 2021a).

To identify the three parameters of the traction-
separation law, i.e., ton , E , and δ∗, we used a least
squares approach. That is, we iteratively simulated pure
shear experiments of the notched samples up to crack
initiation to inform and minimize our objective func-
tion defined as

εt = γ ε f + (1 − γ )εδ. (7)

Here εt is the total error, γ ∈ [0, 1] is a weight for the
error terms, ε f is the error between the experimental
and computed force, and εδ is the error between the
experimental and computed critical displacement.

We optimized the weighting factor γ to minimize
the overall error. We repeated this inverse analysis for
each of our 12 notched pure shear samples to compute
their fracture toughness. We used a multistart approach
with random initial guesses tominimize the risk of con-
verging to local minima. Also note, this approach did
not require the unnotched pure shear sample data or
DIC data. Please see Supplementary Table S4 for a list
of the cohesive zone parameters for each sample.

3 Results

3.1 Overall fndings

Figure5 shows the results for all three approaches and
the total of six different implementations. Figure5A
compares all implementations of theGriffith approach,
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Fig. 5 Fracture toughness values for each approach. A Comparisons of the Griffth approaches. B Comparison of the J-Integral
approaches and the cohesive zone approach

while Fig. 5B compares the J-Integral and the cohesive
zone approaches.Overall, our results suggest that blood
clot fracture toughness for our subject ranges from 0.2
N/m to 2.9 N/m with an overall mean of 0.9 ± 0.54
N/m.

3.2 Consistency

Most notably, the means and the intra-approach vari-
ability (as measured by standard deviation) signifi-
cantly differ between approaches, see Table 1. That
is, Griffith A, B, and C yielded means of 0.9 ± 0.38,
0.8 ± 0.41, and 1.3 ± 0.81 N/m, respectively. The
J-Integral approaches A and B yielded means of 0.8
± 0.39 and 1.0 ± 0.55 N/m. Finally, the cohesive
zone approach yielded a mean of 0.5 ± 0.29 N/m.
Among these approaches, the cohesive zone approach
stands out as having provided estimates that were sig-
nificantly smaller than the overall mean, while theGrif-
fith C approach stands out as having provided estimates
thatwere significantly larger than the overallmean. The
remainder of the approaches provided remarkably sim-
ilar results. Most notably, Griffith A and B as well as J-
Integral A deviated the least from the overall mean, i.e.,
had the smallest inter-approach variability, while also
having the smallest standard deviations, i.e., having the

Table 1 Consistency of each approach measured as inter- and
intra-approach variability via the mean and standard deviation
(Std) and use of additional data

Approach Mean (N/m) Std (N/m) Additional data use
DIC FE UN

Griffith A 0.9 0.38 – – x

Griffith B 0.8 0.41 – x –

Griffith C 1.3 0.81 – – –

J-Integral A 0.8 0.39 x x –

J-Integral B 1.0 0.55 – x –

Cohesive zone 0.5 0.29 – x –

Overall 0.9 0.54

DIC Digital image correlation, FE finite element,UN unnotched
samples

smallest intra-approach variability (with the exception
of the cohesive zone approach that had the smallest
overall intra-test variability).

3.3 Implementation complexity

Among the six implementations, Griffith A stood out
as being the least complex to implement. Aside from
force, displacement, and imaging data, no numerical
or advanced image analyses were required. However,
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both notched and unnotched pure shear experiments
were required. Next ranks Griffith C that required only
the implementation of a finite difference scheme,which
we did in MATLAB (Mathworks, Natick, MA, USA,
Version 2023b). Notably, this approach did not require
unnotched pure shear experiments. Griffith B ranks
third as it required conducting an inverse finite element
simulation, but did not require advanced image anal-
yses or additional unnotched pure shear experiments.
Tied in third, is the J-Integral B approach, which also
required an inverse approach and also did not require
advanced image analyses or additional unnotched pure
shear experiments. Second to last ranks the J-Integral
A approach that required custom implementations of
the J-Integral, sample speckling, and advanced image
analyses. We rank the cohesive zone approach last as
it required an additional inverse finite element simu-
lation, careful consideration of the traction-separation
law, and additional sensitivity and convergence studies.
Also, regular failure of numerical convergence required
manual interventions and repeated executions.

3.4 Computational cost

Our third comparison is by computational cost. Table
2 compares per-sample run times between all methods.
Here Griffith A and C rank first as they required nearly
no computational cost (<1s), followed by the Grif-
fith B and J-Integral B methods. Both required inverse
finite element analyses to estimate material parame-
ters, but were otherwise inexpensive. Next ranks the
J-Integral A approach that required computationally
costly DIC analyses and an inverse parameter identifi-
cation. Finally, the cohesive zone approach ranks last
as it required two inverse analyses. One to identify the
material parameters and one to identify the traction-
separation law parameters. Especially the latter was
expensive owing to the high cost of cohesive zone sim-
ulations in Abaqus. It should be noted that it is the only
method that captured crack propagation.

4 Discussion

We set out to compare three different approaches (and
their six different implementations) to determine the
fracture toughness of soft materials. We compared and
ranked them by inter- and intra-approach variability,
complexity of implementation, and computational cost.

Table 2 Computational cost of each approach

Run time (s)
DIC Parameter Approach Total

identification

Griffith A – – <1 <1

Griffith B – 720 14 734

Griffith C – – <1 <1

J-Integral A 1655 720 15 2390

J-Integral B – 720 18 738

Cohesive zone – 720 36,000 36,720

All analyses and simulations were run on 12 intel core i5-10505
processors

4.1 #1 - Griffith A

We rank the Griffith A approach highest as it provided
low inter- and intra-approach variability, was easy to
implement, and was of low computational cost. Its only
potential down-side is that it requires conducting both
unnotched and notched pure shear experiments. Others
have chosen to use this method in soft materials for
these reasons (Shrimali and Lopez-Pamies 2023; Zhu
et al. 2024; Long and Hui 2016).

4.2 #2 - Griffith B

Especially for those that have limited access to test
specimen, the Griffith B approach may be ideal.
Although it requires some expertise in finite ele-
ment simulation, it does not require unnotched pure
shear experiments and has comparable intra- and inter-
approach variability to our first pick. Thus, for those
with finite element expertise, this may be a great alter-
native.

4.3 #3 - J-Integral B

Closely following in the footsteps of Griffith B is
the J-Integral B approach. Again, it provides good
intra- and inter-approachvariability. This approach also
requires minimal implementation complexity and does
not require additional unnotched pure shear experi-
ments.
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4.4 #4 - J-Integral A

This approach ranks relatively low because of its high
implementation complexity – requiring sample speck-
ling, DIC, and custom code to evaluate the J-Integral
and the high cost of theDIC analysis. Note, thismethod
does not require unnotched pure shear experiments.

4.5 #5 - Griffith C

This approach ranks low as it showed high inter- and
intra-approach variability. We suspect this variability
stems from this approach’s raw dependence on exper-
imental data without physical constraint. That is, all
other approaches incorporate assumptions about the
underlying physics, and/or constraints to specificmate-
rial behavior, which may help in bounding their error.

4.6 #6 - Cohesive zone

The cohesive zone approach ranks the lowest because
it had high inter-approach variability, was difficult to
implement, andwas highly computationally expensive.
Interestingly, it did show the lowest intra-approach
variability. Potential sources for it failing lie in its pro-
cedural complexity.

4.7 Limitations

This study is not without limitations. Most impor-
tantly, all our approaches assumed that our material
behaved purely elastically. Thus, we ignored the mate-
rial’s visco-plastic behavior as well as damage that
may contribute to energy dissipation. Future studies
should explore the impact of these simplifications on
estimating fracture toughness. As we mentioned pre-
viously, blood clots may be compressible (Garyfallo-
giannis et al. 2023). However, during our tests, we did
not notice significant fluid expulsion. This supports our
analysis of blood clots as an incompressible material.
Nonetheless, the reader should keep this limitation in
mind when interpreting our findings, and future stud-
ies may explore the accrued error when estimating the
inherent fracture toughness of blood clot. We also note
that there are discrepancies between our DIC-based
stress estimates and those predicted by our finite ele-
ment simulations.Thosediscrepancies aremost evident
when comparing Figs. 2B ,3Aiii and Biii. Clearly, our

DIC-based stress maps show elevated stresses in the
interior of the sample when compared to the numeri-
cal results. Those discrepancies most likely stem from
our mounting technique in which some Velcro may
extend into our sample bulk (Sugerman et al. 2021).
As a consequence, our samples behave stiffer close to
the boundaries, thus increasing the strain to the inte-
rior of the samples. Interestingly, our evaluation tech-
niques appear relatively insensitive to these discrep-
ancies. We suggest that this insensitivity stems from
the energetic nature of fracture toughness as a metric.
That is, as long as the predicted/measured stored energy
(and released energy) between approaches are similar,
our fracture toughness calculations will yield similar
results. Finally, we limited ourselves to one sample
geometry, that of pure shear. We expect our findings
can be extended to other geometries as well, but future
studies will have to test this assumption.

5 Conclusion

In conclusion, we recommend using the Griffith A
approach as per the work of Rivlin and Thomas from
1953. It is not without a sense of irony and awe that
we make this recommendation, as 70 years of numeri-
cal method development and advancements in imaging
technology have apparently not improved our ability
to estimate fracture toughness from pure shear exper-
iments. We hope others will benefit from our work as
they aim to study and understand the fracture behavior
of soft materials.
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